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Wearable displays require mechanical deformability to conform to the skin,

as well as long-term stability, multicolour emission and sufficient brightness
to enable practically useful applications. However, endowing a single
device with all the features remains a challenge. Here we present a rational
material design strategy and simple device-manufacturing process for
skin-conformable perovskite-based alternating-current electroluminescent
(PeACEL) devices. These devices exhibit a narrow emission bandwidth
(full-width at half-maximum, <37 nm), continuously tuneable emission
wavelength (468-694 nm), high stretchability (400%) and adequate
luminance (>200 cd m™). The approach leverages a new class of perovskite
zinc sulfide (PeZS) phosphors, consisting of ZnS phosphors coated with
perovskite nanoparticles for electrical excitation via total intraparticle
energy transfer. This strategy resultsin pure red and green emissions

and expands the colour gamut of powder-based ACEL devices by 250%.
Moreover, our processing technique facilitates the integration of PeACEL
displays with wearable electronics, enabling applications in dynamic
interactive displays and visual real-time temperature monitoring. These
PeACEL displays offer new routes in flexible electronics and hold potential
for the development of efficient artificial skins, robotics and biomedical
monitoring devices.

Wearable electronics featuring mechanical deformability and multi-
faceted intelligent capabilities have experienced rapid progress and
witnessed extensive impact on our daily life' . Visual displays, as the
core component, have emerged as the primary medium of informa-
tion dissemination. Wearable displays possess distinct advantages,
such as flexibility or evenstretchability, portability, deformability and
skin conformability, thereby enhancing convenience and comfort® .
Various display technologies have been developed, including liquid

crystal displays (LCDs), organic light-emitting diodes (OLEDs), quan-
tum dot light-emitting diodes (QLEDs), perovskite light-emitting
diodes (PeLEDs) and alternating-current electroluminescent (ACEL)
devices (Fig. 1a)" . Non-self-emissive LCDs are the workhorse for
contemporary display technology due to their long lifetime, resolu-
tion, cost-effectiveness and brightness. Nevertheless, the rigidity of
colour filters and backlight sources (light-emitting diodes) severely
limits the flexibility of LCDs. In recent years, self-emissive displays
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Fig.1| Colour-tuneable PeACEL device. a, Comparison of performance merits
of current display technologies, including LCDs, OLEDs, QLEDs, PeLEDs, ACEL
and PeACEL devices. b, Working mechanism of the PeACEL device. ¢,d, EL spectra

(c) and photographs (d) of full-colour PeACEL devices operating at100 V, 20 kHz.
Scale bar,1cm. CB and VB represent the conduction band and valence band,
respectively.

(OLEDs, QLEDs and PeLEDs) have witnessed considerable advances,
particularly in terms of the wider colour gamut, more vivid colour
and better flexibility'® . Yet, their intrinsic instability of emitting
materials necessitates stringent environmental control, such as
aninert gas atmosphere, humidity and temperature. Additionally,
these devicesimpose strict requirements on the electrode work func-
tions to achieve balanced charge injection. Such high dependency
on equipment and material significantly elevates the fabrication
cost and complexity.

In contrast, the ACEL device has been explored as a viable con-
tender to evolve wearable displays, owing to its simple manufacturing,
superior deformability, low power consumption and long lifetime®.
However, the limited colour capabilities and high driving alternating
voltages of ACEL are perceived as major obstacles to practical applica-
tions**. Commercial ACEL phosphors exhibit broad full-width at half-maxi
mum (FWHM) of >50 nm and a confined colour region from blue t
o orange, implying poor colour purity and a restricted colour gamut
(Supplementary Fig. 1). Furthermore, the electroluminescence (EL) per-
formance of orange-emitting phosphorsis markedly inferior toblue-and
green-emitting phosphors, thereby impeding the monolithic integration
of full-colour displays. Lead halide perovskite nanoparticles (PeNPs)
have been proposed as a promising colour conversion layer for flexible
pure-colour ACEL devices owing to their high absorption coefficients,
high photoluminescence quantumyield, tuneable emission spectraand
narrow FWHM*?*, Nonetheless, challenges persistinachieving ultrathin,
stretchable, large-areaand colourful displays for wearable electronics, pri-
marily duetotheintricate multilayer phosphor package structure. Besides,
the requirement of high driving voltages to attain sufficient brightness
presentsanadditional hurdle for the realization of wearable applications.

Here we describe afull-colour perovskite-based alternating-current
electroluminescent (PeACEL) device with high colour purity, brightness,
flexibility and stretchability. We develop a new class of EL phosphors
composed of PeNPs-coated ZnS (PeZS) for the effective electrical excita-
tion of PeNPs through total intraparticle energy transfer. The EL spectra
of PeACEL devices can be tuned from blue to deep red (468-694 nm)
with a narrow FWHM (<37 nm), and the brightness (>500 cd m™) is
comparable with that of commercial planar displays (100-300 cd m2)
(ref. 23). Ultrathin (95 um) and extremely stretchable (400%) PeACEL
devices with double-sided light emission were fabricated using silver
nanowires (AgNWs) as the transparent electrode. Demonstrations
showcased that the integration of these flexible PeACEL displays
with soft electronics enables various smart functionalities, including
user-interactive skindisplays and intelligent soft robotics, that convert
sensory signalsinto visual feedback, thereby providing amore efficient
and intuitive information transmission method.

Results

Design of full-colour PeACEL device

The standard architecture of powder-type ACEL devices is character-
ized by an emission layer (EML) sandwiched between two electrodes,
with at least one electrode being transparent. The ACEL phosphors
are well embedded in a polymer matrix to constitute the EML. Com-
mercial ACEL phosphors primarily consist of ZnS doped with various
elements (such as Cu, Aland Mn), and the EL lighting can be tuned from
blue to orange by modulating the dopant composition”. However, the
scarcity of high-colour-purity phosphors and red-emitting phosphors
(>610 nm) remains animpediment to achieve a full-spectrum display.
Inthis work, we developed a class of colour-tuneable PeZS phosphors
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Fig.2|Synthesis and characterization of PeZS phosphors. a, Schematic of
the fabrication process. b, Scanning electron microscopy images and energy-
dispersive X-ray spectroscopic mapping of red-emitting PeZS phosphors. Scale
bar, 10 pm. ¢, TEM image of red-emitting PeZS phosphors. Scale bar, 50 nm.

d, XRD pattern. e, Absorption and emission spectra of PeNPs (red) and
commercial ZnS (blue). f, Decay curves of PeZS with increasing PeNPs ratio

(Aexe =370 nm, A, = 500 nm). The dashed arrow indicates the gradually
decreasing average lifetime of PeZS phosphors with anincrease in PeNPs

loading. The inset shows aschematic of the FRET from ZnS to PeNPs. g, Optical
micrograph of individual PeZS particles under UV light (top) and a.c. electric field
(bottom) excitation. Scale bar, 20 pum.

by combining blue ZnS phosphors and PeNPs. The composite phos-
phors integrate electrical excitation and total energy transfer at the
single-particle level, rendering full-spectrum emission from the PeNPs
inanelectrical field (Fig. 1b). Specifically, the ZnS core particle s first
electrically excited due to intrinsic heterojunctions within the crystal®.
Next, the excitation energy generated in the core layer is extracted by
the PeNP shell through the combined effects of photon reabsorption
and Forster resonance energy transfer (FRET). Finally, light emission
from the PeNP shell concurrently renders high colour purity and spec-
tral tunability (468-694 nm) (Fig. 1c,d).

Theformation process of the PeZS phosphorsis depictedin Fig. 2a.
CsPbX, (X =Cl, Br,I) nanoparticles were synthesized using the modified
hotinjection method. The branched cappingligand, (3-aminopropyl)
triethoxysilane (APTES), was employed to prepare the PeNPs as the
passivator and stabilizer’®*. APTES-modified PeNPs with different
halide compositions show tuneable emission colour and uniform size

distribution (Supplementary Fig. 2). Contrary to previous reports,
immediate cleaning was required to avert the further in situ hydrolysis
ofthesilicone capping agent, which otherwise would formathick coat-
ing layer on the PeNPs surface. The washed PeNPs were rapidly mixed
with pristine ZnS, enabling the direct attachment of APTES-modified
PeNPs to the surface of ZnS via the reaction between the silyl ether
(-SiOC,H;) functional groups of APTES and the hydroxyl group of ZnS
(Supplementary Fig. 3). Subsequently, additional APTES was intro-
duced into the reaction solution to enhance environmental stability.
The -SiOC,H; groups of APTES were hydrolysed to form a Si-O-Si
cross-linked matrix that enveloped the surface of the PeZS phosphors.
Usingthis method, we successfully obtained aseries of colour-tuneable
PeZS phosphors with highly monochromatic emission (Supplementary
Fig.4).To verify the composition of PeZS phosphors, energy-dispersive
X-ray spectroscopic mapping was conducted. As displayed in Fig. 2b,
all the elements of ZnS and red PeNPs (Cs, Pb, Br, I, Zn, S, Cu, Si and
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0) were detected, and the uniform distribution indicated the PeNPs
are densely coated on the surface of ZnS. The transmission electron
microscopy (TEM) and high-resolution TEM images reveal that several
layers of PeNPs were attached to the ZnS surface, with PeNPs uniformly
encased within the SiO, matrix (Fig. 2cand Supplementary Fig. 5). The
SiO, presence is confirmed by the bands at 1,112 and 1,028 cm™ in the
Fourier transforminfrared spectra, which are assigned to Si-O-Siand
Si-0-C (Supplementary Fig. 6)*.

The X-ray diffraction patterns of ZnS, PeNPs and PeZS are illus-
trated in Fig. 2d and Supplementary Fig. 7a. The XRD pattern of PeZS
corroborated the presence of the hexagonal ZnS structure and cubic
CsPbX; structure, with the major peak positions remaining constant.
In particular, the diffraction peak intensity of ZnS appreciably dimin-
ished, implying the formation of a dense PeNP coating layer on the
particle surface that attenuated the X-ray photons. Furthermore, the
broad diffraction peak ranging from15° to 35° confirms the formation
of'the SiO, protective layer.

The core-shell particle configurationis beneficial for energy trans-
fer from ZnS to PeNPs that display sufficient spectral overlaps (Fig. 2e
and Supplementary Fig. 7b). On one hand, the PeNP coating layer can
capture light emissions from the ZnS core in all directions. On the
other hand, the structure promised close proximity between ZnS and
PeNPs for FRET to proceed*’, which was confirmed by time-decay stud-
ies (Fig. 2f, Supplementary Figs. 8 and 9 and Supplementary Note 1).
Specifically, the average lifetime of PeZS phosphors progressively
decreased from21.09to0 6.32 ms withagradual increase in PeNPs load-
ing, suggesting agreat contribution of FRET to the overall energy trans-
fer process. The efficient FRET observed in the microsized phosphors
was ascribed to the presence of numerous diminutive luminescence
centres within ZnS (ref. 31), which could form an energy migration
network to bridge energy transfer over an extended distance®**.

The hierarchical material structure enables efficient light emis-
sions with high colour purity at the single-particle level by photon and
electrical excitations (Fig. 2g and Supplementary Fig.10a,b). In control
experiments involving physically mixed ZnS and PeNPs, the leakage of
blue light was preserved evenin the presence of an excessive amount
of PeNPs, owingto the reduced photon absorption and the absence of
FRET (Supplementary Figs.10c,d, 11 and 12). Single-particle emission
will also endow PeZS-based EL devices with superior performance com-
pared with their counterparts consisting of an additional conversion
layer, primarily in ensuring emission uniformity, diminishing device
thickness, enhancing material utilization and attaining high lumi-
nance (Supplementary Figs.13 and 14 and Supplementary Note 2). Ona
separate note, the as-synthesized PeZS phosphors exhibit exceptional
stability against moisture, thereby laying a foundation for durable EL
devices (Supplementary Figs.15and 16 and Supplementary Note 2).

EL performance of PeACEL device

The PeACEL device was first assessed using atypical sandwich structure
(Fig.1b), which consists of atransparent electrode (indiumtin oxide),
an EML (PeZS and BaTiO, dispersed in polydimethylsiloxane (PDMS))
and anothersilver electrode (Supplementary Fig.17). Figure 3a depicts
the narrowband emission of the PeACEL devices with FWHM of 37 nm
(blue), 24 nm (green) and 29 nm (red), as well as nearly undetectable
emission from the ZnS donor. In contrast, the EL bandwidth of com-
mercial blue (66 nm), green (81 nm) and orange (56 nm) ACEL are much
broader (Fig.3a). By virtue of their ultrahigh colour purity, the PeACEL
devices substantially expand the colour gamut of ZnS-based ACEL by 2.1
fold (Fig. 3b). Inalliance with blue commercial ZnS, the colour gamut
can be further expanded (2.5 fold).

Another feature of the PeACEL device s its high frequency stabil-
ity against colour drift. Commercial blue and green ZnS phosphors
are frequency-dependent materials®**, exhibiting an emission col-
our shift as the operating frequency increases from 100 Hz to 20 kHz
(Fig.3cand Supplementary Fig. 18). Givenits sensitivity to frequency,

increasing the operating voltage is the only way to achieve a bright,
specific colour. For instance, to generate green light emission, one
must operate at a low-frequency level (<500 Hz). By comparison, the
spectral shape and peak position of PeACEL devices are completely
independent of frequency (Fig. 3d and Supplementary Fig. 19). The
observation highlights the near-unity intraparticle energy transfer
withinthe PeACEL devices, which combine the roles of both FRET effect
and broadband absorption.

Theluminance of the PeACEL and ACEL devices against the applied
voltage and frequency was tested (Fig. 3e and Supplementary Fig. 20).
The luminance of all the devices displayed a positive correlation
with voltage and frequency. In particular, the performance of blue-,
green- and red-emitting PeACEL devices is comparable with that of
theblue-emitting ACEL device (>500 cd m2at200 V,20 kHz), owing to
the high energy conversion efficiency, low photon loss and unaltered
electric field strength of the PeACEL device (Fig. 3fand Supplementary
Note 2). The luminance of green and red PeACEL devices even out-
performs the corresponding ACEL devices under the same operating
voltage. Through a parallel comparison of the devices, it was found
thatthered PeACEL device exhibits alower turn-on voltage (<25 V) and
higher brightness (4.1times) than the orange ACEL device (Fig.3fand
Supplementary Fig.21a,b). In addition, we also demonstrated that the
red PeACEL device (V,. =100V, f, . =20 kHz) achieves a brightness of
147 cd m, which is sufficient to illuminate a paper-based document
(Supplementary Fig. 21c).

Response timeis also crucial for display applications, and PeACEL
devicesachieve afastresponse at the level of hundreds of microseconds
(Supplementary Fig. 22 and Supplementary Table 1). The storage and
operational stabilities of the PeACEL devices were assessed by measur-
ing the luminance and peak positions of their EL spectra. Following a
60-day testing period (100 V,20 kHz, 2 h daily duty circle), the EL lumi-
nance of theblue, green and red PeACEL devices sustained above 88%,
and no shiftin the emission peak was observed (Fig. 3g,h). Moreover,
the devices demonstrated exceptional stability throughout a con-
tinuous operationspan of 360 h, whereas the luminance of the devices
employing uncoated ZnS phosphors exhibited a pronounced decline
(Supplementary Fig.23). Areductionin the operational frequency has
beenidentified as a potential approach to further extend the longevity
of the devices (Supplementary Fig. 24). The outstanding operational
stability of PeACEL devices can be attributed to the synergetic effects
of the physical barriers and the inherent characteristics of a.c. opera-
tion. The polymer matrix, coupled with the protective SiO, overcoat,
establishes a dual-layer defence mechanism that effectively impedes
theingress of moisture and oxygen, thereby safeguarding the core ZnS
and PeNPs against degradation (Supplementary Note 2). Unlike their
d.c.-driven counterparts, the frequent reversal of the electric field in
PeACEL devices can effectively inhibition migration caused by charge
accumulation. Additionally, much less heat generation of the PeACEL
devices further minimizes therisk of perovskite thermal degradation.

Stretchable PeACEL device

Theschematicof the stretchable PeACEL deviceis representedin Fig. 4a.
AgNWs with large aspect ratios were spray coated on pre-strained
styrene-ethylene-butylene-styrene (SEBS) substrates as transpar-
ent stretchable electrodes. The EML was fabricated by combining
the elastomer (SEBS) with blue, green and red PeZS phosphors. It was
observed that the PeZS phosphors were evenly distributed within the
SEBS matrix (Supplementary Fig. 25). Operating at 200 V/20 kHz, the
luminance of the blue, green and red stretchable devices reached 227,
254 and 276 cd m™, respectively (Supplementary Fig. 26a). As shown
in Fig. 4b, these operating devices maintain bright emissionup toa
considerable strain of 400%, and this ultrahigh stretchability benefits
fromthe pre-strainapproach and the intrinsic properties of SEBS (Sup-
plementary Fig. 27). The luminance of red-emitting PeACEL devices, as
afunction of elongation, isillustrated in Fig. 4c. The brightness of the
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Fig. 3 | EL performance of PeACEL devices. a, EL spectra of blue, greenand red

PeACEL and ACEL devices. b, CIE coordinates of ACEL (grey square) and PeACEL
(yellow star) devices. The black dashed lines indicate that a wider colour gamut

can be achieved by combining green and red PeZS with blue commercial ZnS.

¢, CIE coordinates of the frequency-dependent blue and green ACEL devices.

d, Evolution of the peak position of EL as a function of frequency. e, Luminance-
voltage curves. The insets show the EL images of the patterned devices. Scale

bars, 1 cm. f, Comparison of the luminance of PeACEL and ACEL devices at 200 V
and 20 kHz. Note that the green ACEL operates at 500 Hz due toits frequency
sensitivity. Bar height, mean; error bars, standard deviation; n = S5independent
devices. g, Evaluation of storage and operational stability over a 60-day period,
with the devices undergoing a daily operation of 2 h. h, Peak position of the EL
spectra across different days.

PeACEL device shows anenhancementas the strainincreases to 300%,
subsequently followed by amild decrement, whichis attributed to the
alterationsin theelectric field and the density of light-emitting particles
during the stretching process (Supplementary Note 3). Figure 4d shows
the plot of the normalized EL intensity of the operating PeACEL device
after 500 cycles of 100% elongation. The EL intensity fluctuations dur-
ing cyclic stretching are fully reversible without significant changes.
The cross-sectional view of the stretchable device in the unstretched
state reveals a total thickness of 95 um, with PeZS embedded in the
SEBS matrix (Fig. 4e). The ultrathin PeACEL device can endure con-
siderable and repeated tensile deformations, which areideal for usein
wearables. Moreover, the long-term stability and sufficient brightness
further underscoreitsimpressive application prospects (Supplemen-
tary Fig. 26b).

The facilitation of patterned displays is essential for wearable
electronics. To thisend, we fabricated eight patterned PeACEL devices
with various emitting colours, utilizing a consistent structure. Four
Chinese characters (winter, spring, autumn and summer) and four
distinct animals (polar bear, rabbit, tiger and panda) were employed,
each corresponding to one of the four emitting colours (blue, green,
yellow andred), respectively. These patterned devices are deformable
andstretchable under operational conditions (Fig. 4fand Supplemen-
tary Fig. 28). Besides, theimplementation of double-sided transparent

electrodes enables these devices to exhibit double-sided light emis-
sion, offering advantages for specific applications (Supplementary
Fig. 29). Achieving such high stretchability, high colour purity and
ultrathinness and ease of patterning in a single ACEL device isindeed
unprecedented. Although employing an additional colour conver-
sion layer is also capable of achieving high colour purity and using
hydrogels as electrodes can offer higher stretchability, the intrinsic
characteristics of these alternative designs pose challengesinrealizing
ultrathin and patterned devices (Supplementary Figs. 30 and 31 and
Supplementary Table 2).

User-interactive skin display integration

User-interactive electronic skin with an intuitive signal display holds
tremendous potential for emerging human-machine interfaces,
artificial skin and health-monitoring systems® >, These interactive
displays are endowed with a variety of smart functions, derived from
the integration of flexible display elements and stimulus-responsive
sensors (thatis, pressure, temperature, strain and chemical stimuli)**%,
Here ultrathin, lightweight, skin-deformable, durable and multicolour
displays are indispensable components. We demonstrate two smart
skin displays with interactive functionality, using the PeACEL devices
that meet the aforementioned criteria. The PeACEL devices demon-
strate a robust instantaneous visual response in terms of pattern or
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Fig. 4 |Flexible and stretchable PeACEL devices operating at100 V,20 kHz.
a, Schematic of the stretchable PeACEL device, which comprises PeZS phosphors
embedded in SEBS as the EML and AgNW networks encased within SEBS as the
electrodes. b, EL images of the activated PeACEL devices being subjected to
various levels of strain. Scale bar, 1.5 cm. ¢, Dependence of the luminance of
PeACEL devices on strains. Ten devices were used in the test, with each device
being tested twice. Squares, mean; box limits, upper and lower quartiles;
whiskers, 1.5x interquartile range; points, outliers; n = 20 independent spots.

d, Mechanical stability test of the PeACEL device for 500 cycles. The inset shows
the relative intensity under the relaxed and stretched states with 100% strain for
theinitial 20 cycles. e, Cross-sectional view of the device. Scale bar, 30 pm. f, EL
images of the patterned PeACEL devices at the initial (top) and bent (bottom)
states. Scale bar,1cm. L, represents the initial luminance without any strain, L,
stands for the luminance when the device is relaxed during stretching cycles and
L denotes the luminance at 100% strain and on returning to the relaxed state.

colour transformation, facilitating effective information dissemination
(Fig.5a).Figure Sbillustrates the system-level overview of power supply,
signal acquisition, analysis, transduction and processing to facilitate
the skin-integrated dynamic interactive display, where a rationally
designed circuitis equipped to maintain user safety (Supplementary
Fig. 32 and Supplementary Note 4). Moreover, biocompatibility test-
ing indicates that the PeACEL device is non-toxic and can be directly
applied to the skin (Supplementary Fig. 33).

As shown in Fig. 5¢c, the skin-integrated red PeACEL array of indi-
vidually controllable pixels could dynamically display desired patterns
(shapedtoformtheletters ‘REDPEACEL’). To demonstrate the applica-
tion potential of smart displays, a user-interactive display involving the
multipixel array of individually addressable PeACEL and alaser-induced
graphene (LIG)-based tactile sensor was constructed and mounted on
the user’s arm and hand (Supplementary Fig. 34). The on-skin tactile
sensor with high sensitivity and instant response served as a control
panelto execute different commands by collecting resistance changes
induced by finger touches (Supplementary Fig. 35). We demonstrated
the real-time gameplay of Tetris, where the pixels of the PeACEL array
exhibit instantaneous responsivity on actuating various sensor keys

(Fig.5d and Supplementary Video1). Passive matrix addressing could
furtherincrease the pixel resolution (Supplementary Fig. 36).
Theintegration of a flexible display with multifunctional electron-
ics,encompassing temperature, electroencephalography, electrocar-
diography, electromyography and photoplethysmography sensors,
enables the visual detection of physiological signals*~**. Real-time
temperature monitoring furnishes valuable physiological data for
pre-emptive intervention, which bears considerable importance for
clinical and personalized medicine*. We developed a thin, deform-
able and waterproof visual temperature-monitoring system with a
self-adhesive and conformal contact to the skin by integrating amicro
temperature sensor and multicolour PeACEL devices (Supplementary
Figs. 37 and 38). The serpentine-featured micro temperature sensor
displays a linear response coupled with high sensitivity, a wide work-
ing range and high reliability (Supplementary Fig. 39). The colour
alterations of the PeACEL devices can serve asasmart visual indicator
or warning signal for real-time health conditions (Supplementary
Fig.40). The demonstration reveals the multicolour display’s prompt
responsiveness to varying temperatures (Fig. 5Se,f and Supplementary
Video 2). Additionally, the negligible heat generation and minimal
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sensory system. Scale bar,1cm. f, Real-time temperature response in the
testing period.

power consumption provide aguarantee for long-term uninterrupted
operation (Supplementary Figs. 41-43).

Besides, dueto their high adaptability to dynamic surfaces, ACEL
devices hold great potential in soft robots, including dynamicinforma-
tiondisplays, smart camouflages and real-time object detection®™**, We
alsodemonstrated a soft robotic systemwith visual sensory feedback
functions, where the multicolour PeACEL device was equipped onasoft
gripper to dynamically display its tactile information (Supplementary
Figs.44 and 45and Supplementary Video 3). Thus, we predict that the
multicolour PeACEL displays, exhibiting exceptional integrability, hold
solid promise for emerging electronic wearables and soft robotics.

Conclusion

Inthiswork, throughingenious material design and device fabrication,
we develop a class of skin-integrated PeACEL devices possessing the
merits of high colour purity, wide colour gamut, high brightness, low
power consumption, long-term stability, remarkable flexibility and
exceptional stretchability. The EL colour could be precisely modulated,
encompassing nearly the entire visible spectrum, from blue to deep
red. Theluminance of the multicolour PeACEL devicesis commensurate

with that of the commercial blue ACEL device, with the green and red
emissions surpassing those of their commercial counterparts. Con-
sequently, we demonstrate user-interactive skin displays capable of
instantaneous pattern or colour alterations, facilitated by integrating
on-skin PeACEL devices and stimuli-responsive sensors with epidermal
sensing properties. Such excellent performance of the PeACEL device
is expected to significantly broaden the scope of the applications,
particularly for multifunctional smart electronic skin, with potential
utility in daily life.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Materials

Caesium carbonate (Cs,C0,,99.0%), oleicacid (OA, 90.0%), octadecene
(90.0%), APTES (98.0%), trioctylphosphine (99.0%), lead chloride
(PbCl,,99.0%), lead bromide (PbBr,, 99.0%), lead iodide (Pbl,, 99.0%),
toluene (AR), anisole (99.7%), octadecyltrichlorosilane (OTS, 95.0%)
and methyl acetate (98.0%) were purchased from Sigma; PDMS
(SYLGARD 184 silicone elastomer) was purchased from Dow Corning;
Ecoflex 00-30 was purchased from Smooth-On; SEBS was purchased
from Kraton; photoresist (PR; AZ 5214) was purchased from AZ Elec-
tronic Materials; and ZnS powders were purchased from Shanghai KPT.
AgNWSs were purchased from XFNANO. All the materials were used
without further purification.

Synthesis of CsPbX; PeNPs

Here 0.4 g Cs,C0;,15.00 ml octadecene, and 1.76 ml OA were loaded
into a100.00 ml three-necked flask under stirring and dried for 1 h
at 120 °C under atmospheric conditions. The Cs-oleate precursor
solution was obtained on complete dissolution. For the synthesis of
CsPbX;PeNPs, a50 mlthree-necked flask was loaded with 0.376 mmol
PbX, and 10 ml octadecene, which were dried for 1 h at 120 °C under
atmospheric conditions. Subsequently, 1 ml OA and 1 ml APTES were
slowly injected into the flask under stirring until the solution became
clear. The temperature wasincreased to140-180 °C, and 0.8 ml Cs-OA
precursor solution was swiftly injected. After 5 s, the mixture solution
was cooled down to room temperature using an ice-water bath. The
CsPbX, PeNPs were washed with ethyl acetate and redispersedin 2 ml
toluene for further use. For synthesizing CsPbBr,CI PeNPs, 1 ml trioc-
tylphosphine was used for the solubilization of lead chloride.

Synthesis of PeZS phosphors

Here 0.8 g ZnS phosphors were mixed with 2 ml PeNPs solutionina
10 mlvial and stirred vigorously. After 24 h, 10 pl APTES was added to
theresultant solution. Then, the vial was opened to air and stirred for
6 hfor hydrolysis. The precipitate was collected using centrifugation
and washed with toluene to remove the excess APTES and OA. The
PeZS phosphors were obtained after drying under a vacuum for 24 h.

Fabrication of rigid PeACEL devices

Indium-tin-oxide-coated glass substrates underwent sonication clean-
ing using detergent, acetone, deionized water and isopropanol, fol-
lowed by a15 min exposureto an ultraviolet (UV)-ozone environment.
The mixture of PeZS phosphors, BaTiO; powders and PDMS (10:1) ina
weightratio of 3:1:1wasblade coated onindiumtin oxide glassand dried
at room temperature. Then, the silver paste electrode was applied to
the surface of the EML. For the fabrication of patterned rigid PeACEL
devices, a laser (wavelength, 365 nm; pulse energy, 47 WJ; frequency,
75 kHz; mark speed, 350 mm s ™) was employed to cut the single-sided
tapeinto the desired pattern, serving as a template for silver paste.

Fabrication of stretchable PeACEL devices using AGNWSs

The stretchable PeACEL device comprises five consecutive layers,
including SEBS substrate, AgNWs, EML, AgNWs and SEBS encapsula-
tion layer. SEBS (3 g) elastomer was dissolved ina 5 ml toluene and 5 ml
anisole mixture. The SEBS solution was spin coated (1,000 r.p.m., 10 s)
on OTS-modified glass and dried at 80 °C for 30 min. The SEBS film was
subsequently detached from the glass substrate and fixed on the linear
translation stage. Before use, the AgGNW solution was diluted in iso-
propanol. The AgNW solution was deposited on the pre-strained SEBS
substrate by a spray gun, and then the bottom stretchable electrode
was affixed to the OTS-modified glass substrate. The mixture of PeZS
phosphors and SEBS solution with aweight ratio of 1:1was blade coated
on the bottom stretchable electrode and dried at room temperature.
Thetop AgNW electrode was deposited on the pre-strained composite
film using the spray gun. The composite film was positioned against the

OTS-modified glass substrate, and the SEBS solution was blade coated
onthe surface to package the top electrode.

Fabrication of stretchable red PeACEL device using hydrogels
Here 8 M LiCl solution was prepared by dissolving 13.57 g LiCl
in 40 ml deionized water. The solution was then combined with
5.69 g acrylamide and 807 mg polyacrylamide, and the mixture
was subjected to continuous stirring at 60 °C for 4 h. Then, 20 mg
N,N'-methylenebisacrylamide and 91 mgIrgacure 1173 were introduced
into the mixture solution. After stirring overnight, the well-mixed gel
was moulded into a Teflon mould and subjected to UV radiation for
5min. The EML layer was created by combining the red PeZS phosphors
and SEBS solution, which was then blade coated onto the OTS-modified
glasssubstrate and left to dry atambient temperature. The stretchable,
hydrogel-based PeACEL device was assembled by encapsulating the
EML layer between two hydrogel electrodes and SEBS films.

Fabrication of patterned and flexible PeACEL devices

Thedetailed fabrication procedureis depictedin Supplementary Fig.46.
Theglass substrates were first cleaned and modified. Then, the SEBS solu-
tion was spin coated at 2,000 r.p.m. for 30 s and baked on a hotplate at
80 °C for 30 min. To obtain tailored patterns, commercial 50-pm-thick
polyethylene terephthalate (PET) films that had been ablated by laser
were used as masks. The patterned PET films were cleaned with acetone
and deionized water, dried under a nitrogen flow and modified by OTS.
Next, the diluted AgNW solution was deposited onto the mask-defined
areaofthe SEBS film by aspray gun, followed by drying without annealing.
The EML was prepared by blade coating the mixture of SEBS/PeZS with a
scraperblade. To preserve the optimal performance of PeZS phosphors,
no annealing was used in the subsequent steps. After placing the pat-
terned PET mask onthe EML, the diluted AgNW solution was spray coated
asthetopelectrode. The mask was then removed, and the SEBS solution
was spin coated (2,000 r.p.m., 30 s) as the encapsulation layer. Finally,
the patterned PeACEL devices were peeled off from the glass substrate.

Fabrication of PeACEL array

The detailed fabrication process is shown in Supplementary Fig. 47.
PDMS (10:1) was spin coated on the cleaned glass at 500 r.p.m.for30 s
andbaked onahotplate at 80 °C for 10 min. Afterwards, a 25-pm-thick
polyimide (PI) film was laminated on the PDMS. The designed array
pattern was directly cut using a laser system. Next, a layer of Au with
athickness of 100 nm was deposited on the Pl layer by electron-beam
evaporation (E-Beam, EBS-500F, Junsun). Following the removal of
excess PI/Au, the array PI/Au pattern (named L1) was transferred by a
water-soluble tape (WST). Supplementary Fig. 48 presents the detailed
mechanical pattern design of the Au electrodes.

The SEBS solution was spin coated onto the OTS-modified glass
substrate at 2,000 r.p.m. for 30 s and annealed at 80 °C for 30 min.
The composite film L1 was laminated on the SEBS layer, and the WST
was removed with water. The patterned EML was mounted by blade
coating the mixture of SEBS/PeZS with a PET mask. Then, the mask was
removed and the EML was dried at room temperature. Subsequently,
the OTS-modified mask was laminated on the EML, and the AgNW solu-
tion was spray coated as the top electrode. After removing the mask,
the SEBS solution was spin coated on the AgNWSs at 2,000 r.p.m. for
30s.The PeACEL array device could be peeled off after thorough dry-
ing. This PeACEL array device consists of 25 pixels, each with an area
of 2.5 mm x 2.5 mm and a gap of 2.5 mm. Using the same method, an
ultrasmall PeACEL array of 10 x 10 was fabricated. This smaller array
consists of 100 pixels over anareaof1cm x 1cm. Each pixel hasanarea
of 0.5 mm x 0.5 mmwithagap of 0.5 mm.

Fabrication of tactile sensor
The detailed fabrication process consists of five steps (Supplementary
Fig. 49).
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Step 1: fabrication began with the spin coating of PDMS (10:1) on
a cleaned glass substrate at 500 r.p.m. for 30 s, followed by baking
on a hotplate at 80 °C for 10 min. Subsequently, a PI film (25 um) was
laminated onto the PDMS layer. A laser was used to pattern the PI film
by the direct-write method. Next, alayer of 100 nm Au was deposited
onto the Pl layer using electron-beam evaporation. After removing
the residual portion, Au interdigitated electrode can be obtained.
The detailed parameters of the interdigitated electrode are shownin
Supplementary Fig.50. The interdigitated electrode was picked up by
WST and named L1.

Step 2: the flexible substrate was prepared by spin coating a SEBS
solution onto the OTS-modified glass substrate at 2,000 r.p.m. for
30 s and annealed at 80 °C for 30 min. To transfer the interdigitated
electrode to the SEBS layer, composite film L1 was laminated on the
SEBS layer and the WST was removed. The resulting composite film
wasnamed L2.

Step 3: PDMS (10:1) was spin coated on the cleaned glass substrate
and baked at 80 °C for 10 min. A commercial PET film was laminated
onthe PDMS layer and patterned using laser cutting. Then, the excess
PET was carefully removed, and the designed pattern was transferred
using the WST, named L3. The composite film L3 was laminated onto
composite film L2, and the WST was removed with water, yielding
composite film L4.

Step 4: LIG was prepared as the other electrode. PMMA
(20 mg ml?, dissolved in an anisole solvent) was spin coated
(2,000r.p.m., 30 s)onacleaned glass substrate as a sacrificial layer,
and annealed at 200 °C for 30 min. A PIfilm (75 pm) was laminated on
the PMMA layer. The Pl was directly converted to the LIG electrode
usinga CO, laser withawavelength of 1,064 nm. The non-patterned
Pl was removed, and the glass substrate with LIG was immersed in
acetone to dissolve the PMMA. To preserve the integrity of LIG, a
layer of PR was mounted by spin coating (3,000 r.p.m., 20 s). The
LIG electrode was transferred by WST after removing the residual
PR, resulting in composite film L5.

Step 5: a layer of PDMS was mounted on the cleaned glass sub-
strate by spin coating PDMS (10:1) at 500 r.p.m. for 30 s, and baked on
ahotplate at 80 °C for 10 min. Then, OTS double-sided-modified PET
film (50 pm) was laminated on the PDMS layer. Next, a SEBS solution
was spin coated (2,000 r.p.m., 30 s) on the PET film and annealed at
80 °C for 30 min. Composite film L5 was laminated on the SEBS layer to
transfer the patterned LIG. A cotton swab soaked in acetone was used
to remove the residual PR on the patterned LIG by gentle wiping. The
PET/SEBS/LIG was peeled off from glass/PDMS and it was named L6.
To fabricate the tactile sensor, composite L6 was carefully laminated
onto composite L4 to align the two electrodes.

Fabrication of visual temperature-sensing system

The fabrication process for the visual temperature-sensing system
shares similarities with the PeACEL array manufacturing. This device
integrated the temperature sensor and PeACEL device. Initially, alayer
of PDMS was mounted on a cleaned glass by spin coating at 500 r.p.m.
for 30 s. Subsequently, the PI film (25 pm) was laminated on cured
PDMS. Alaser was exploited to carve the Pl filminto the designed pat-
tern. Following this, E-Beam was used to deposit 100 nm Au on the PI
layer. The detailed parameters of the pattern are presented in Supple-
mentary Fig. 51. Four-petal-like PI/Auwas used as the bottom electrode
for EL devices, whereas the serpentine-structured PI/Au patterninthe
centre served as the temperature sensor.

To prepare the soft substrate, the SEBS solution was spin coated
(2,000 r.p.m., 30 s) on the OTS-modified glass substrate and dried at
80 °Cfor30 min. Next, the patterned PI/Auwas laminated on the SEBS
layer and the WST was removed with water. To visualize the temperature
variations, blue-, green-, yellow- and red-emitting PeZS phosphors
were mixed with the SEBS solution, respectively. These mixtures of
SEBS/PeZS were sequentially coated in the desired locations through

various PET masks (50 pm). The patterned top electrode was prepared
by spray coating an AgNW solution with an OTS-modified mask. The
device was encapsulated with a layer of SEBS. Last, a flexible visual
temperature-sensing device was achieved on detachment from the
glass substrate.

Fabrication of the soft robot

The soft pneumatic robot comprises a top chamber layer, bottom
layer and actuator-tubing connector. Initially, 3D-printed moulds were
manufactured using afused deposition modelling 3D printer (Bambu
Lab). Ecoflex 00-30 (1:1) was poured into the 3D-printed moulds; fol-
lowing the degassing and curing processes, the pneumatic chamber
layer and bottom layer were obtained. The flexible PI/Cu circuits were
patterned using laser cutting and were subsequently transferred onto
the bottom layer. The LIG prepared following the aforementioned
preparation method was transferred to the PI/Cu circuits. The circuits
and LIG were encapsulated using Ecoflex 00-30. The assembled pneu-
matically actuated soft robot was constructed by integrating the top
chamber, bottom layer and actuator-tubing connector.

The PeACEL device comprises PDMS, AgNW electrodes and EML.
PDMS was spin coated (900 r.p.m., 30 s) onto an OTS-modified glass
substrate and dried at 80 °C for 30 min. The patterned PI/Cu, serv-
ing as the connector for the AgNW electrode and power source, was
transferred onto the PDMS substrate. An OTS-modified mask was
laminated on the substrate, followed by spray coating an AgNW solu-
tionto develop the bottom electrode. To prepare the patterned EML,
ablend of PeZS and PDMS was blade coated on the surface of the bot-
tom electrode using an OTS-modified mask. After curing, the AgNW
solutionwas spray coated to formthe top electrode. Post the lead-out
ofthe electrode from PI/Cu by welding the metal wire, the device was
encapsulated by spin coating PDMS. Finally, the PeACEL device was
integrated into the soft pneumatic robot.

Materials characterization

Steady-state photoluminescence spectra were assessed by a Hitachi
F-4600 fluorescence spectrophotometer. Time-resolved photolu-
minescence was recorded using an Edinburgh FLS1000 with a375 nm
laser. The TEM images were collected through an FEI/Philips Tecnai12
BioTWIN TEM instrument. Scanning electron microscopy images were
captured throughaJEOLJSMIT500 scanning electron microscope. The
optical transmittance spectra and UV-visible spectra were measured
with a Hitachi UH4150 UV-VIS-NIR spectrophotometer. Fourier trans-
forminfrared spectrawere collected by a PerkinElmer spectrometerin
therange of4,000-400 cm™. X-ray diffraction profiles were acquired
on a Bruker D2 phaser XE-T X-ray diffractometer system using Cu Ko
radiation (1=1.5406 A).

Device measurement

The PeACEL device was powered by a high-voltage amplifier (Trek
Model 2210) coupled with a dual-output function generator (Rigol
DG8I1). The EL spectra were detected by a Maya2000 Pro spectrom-
eter (Ocean Optics). A CS-200 Chroma Meter (Konica Minolta) was
employed to measure the luminance of the EL device. The stretching
test of the stretchable PeACEL device was performed onalinear transla-
tionstage. To quantify the turn-on delay of the PeACEL device, a photo-
diode (LSSPD-2.5) was employed to detect the light signal emitted by a
red-emitting PeACEL device. PowerLab data acquisition hardware was
used torecord both driving signal and detected light signal.

Calculation of the power consumption of a PeACEL unit

As shown in Supplementary Fig. 43, a test circuit was employed to
measure the power consumption of PeACEL units, atan a.c. frequency
of1kHz. The voltages V, and V- were first measured by an oscilloscope
(Rigol DS1054). The current across resistors 2 and 3 was calculated
as follows.
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I =ValRy (1

I, = Vpc/R3 = Vag/R, (2)

According to equation (1), V,c was calculated as follows.

Vac = Vag + Vac =l X (Ry + R3) 3)

The total power of the three resistors was

Presistor = Ille + /zsz + I32R3. (4)

The total power of the test circuit was calculated as

Peoal = 11 Vac cos 6, (5)

where 0 represents the phase shift between the current and voltage
waveforms across the test circuit and was measured as 72° by the oscil-
loscope. Hence, the power consumption of the PeACEL unit was given by

PreaceL = Protal — Presistor- (6)

Data availability

All data supporting the results of this study are available in the Article
and its Supplementary Information. Source data are provided with
this paper.

Acknowledgements
The work described in this paper was substantially supported
by a fellowship award (project no. CityU RFS2021-1S03) and

a general research fund (project no. CityU 11211922) from the
Research Grants Council of the Hong Kong Special Administrative
Region, China.

Author contributions

F.C. and F.W. conceived and designed this research project. F.C. and
B.Z. performed the experiments on the materials synthesis, device
design and fabrication. F.C., Y. Gao, X.W., J.Z. and X\. performed the
system integration and test. Q.Z. performed the biocompatibility
test. F.C., W.Z., Y. Guo, X.Z. and Z.X. performed the materials
characterization and data analysis. F.C., B.Z., Y. Gao, X.Y. and F.W.
discussed the data and wrote the manuscript. All authors contributed
to the analysis of this manuscript.

Competinginterests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41566-024-01455-6.

Correspondence and requests for materials should be addressed to
Xinge Yu or Feng Wang.

Peer review information Nature Photonics thanks Chuan Wang,
Tae-Woo Lee and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Photonics


http://www.nature.com/naturephotonics
https://doi.org/10.1038/s41566-024-01455-6
http://www.nature.com/reprints

	Multicolour stretchable perovskite electroluminescent devices for user-interactive displays

	Results

	Design of full-colour PeACEL device

	EL performance of PeACEL device

	Stretchable PeACEL device

	User-interactive skin display integration


	Conclusion

	Online content

	Fig. 1 Colour-tuneable PeACEL device.
	Fig. 2 Synthesis and characterization of PeZS phosphors.
	Fig. 3 EL performance of PeACEL devices.
	Fig. 4 Flexible and stretchable PeACEL devices operating at 100 V, 20 kHz.
	Fig. 5 User-interactive skin display with a flexible PeACEL device.




